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Abstract
We show that an R-parity violating supersymmetric scenario which can account for the
atmospheric νµ decit has testable signals at the Fermilab Tevatron with upgraded energy and
luminosity. The explanation of neutrino masses and maximal νµ{ντ oscillation in terms of
bilinear R-violating terms in the superpotential associates comparable numbers of muons and
tau’s resulting from decays of the lightest neutralino. We show that this should lead to like-sign
dimuons and ditaus with substantial rates, in a form that separates them from standard model
backgrounds and other signals of supersymmetry. One here also has the possibility of completely






The results on atmospheric muon neutrino decit from the SuperKamiokande (SK) experiment [1]
point strongly towards not only non-degenerate, massive neutrinos, but also a large angle mixing
between the νµ and the flavour into which it dominantly oscillates. This conclusion is supported by
the results from MACRO and SOUDAN2 [2, 3]. On the other hand, since the CHOOZ results [4]
seem to rule out νe − νµ oscillations answering to such a large angle mixing (with sin2 2θ  0.8),
the interpretation of these events rests around either νµ − ντ mixing or mixing of the νµ with a
sterile neutrino. Either possibility requires one to go beyond the standard model (SM).
Since many options beyond the SM are being investigated nowadays, the SK data can be quite
useful in narrowing down the wide range of possibilities. Furthermore, it is extremely important
to predict other testable consequences of theories that pass this lter, so that one can conclusively
identify the ‘new physics’ option adopted by nature. It is in this spirit that we report here on the
possible consequences of an R-parity violating supersymmetric (SUSY) scenario [5] that explains the
SK data. In particular, we show that if R-parity is violated through bilinear terms, the requirement
of large angle mixing between νµ and ντ results in muons and tau’s with real W -bosons produced at
rather copious rates during runs of the Fermilab Tevatron with upgraded luminosity. Final states of
this kind bear clear stamps of bilinear R-parity breaking and it is possible to fully reconstruct the
lightest neutralino from there. In addition, the smallness of the basis-independent R-parity violating
parameter, as required by the tree-level (Majorana) mass of the heaviest neutrino, can lead to a
perceptibly displaced vertex in the decay of the lightest SUSY particle (LSP), which is responsible
for the signals suggested by us. Consequently, such signals are not only free from SM backgrounds
but also are unlikely to be mimicked by processes in an R-parity conserving SUSY framework. In
addition, we propose to focus on a class of events that will enable one to distinguish the above type
of theory from other ways of R-parity violation, namely, through trilinear interactions.
The paper is organised as follows. In section 2 we briefly outline the theoretical framework on
which our predictions are based. Section 3 contains a detailed discussion of the types of signals
proposed by us. The numerical results are presented in section 4. We conclude in section 5.
2 Theoretical Framework
The superpotential of the minimal SUSY standard model (MSSM) is given by [6]











where µ is the Higgsino mass parameter and the last three terms give all the Yukawa interactions.
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Though this superpotential conserves both baryon (B) and lepton (L) numbers, such conserva-
tion is not motivated by any underlying symmetry of the theory. If we now assume that R-parity,
dened as R = (−1)(3B+L+2S), is violated through L = 1 terms, one may add the the following
renormalizable terms [7] :





In this discussion, we shall concentrate on the bilinear R-violating terms iL^iH^2. The implications
of such terms have been widely studied in the literature [8, 9, 10, 11, 12, 13]; they provide a
simple framework (with relatively few extra parameters), can generate the trilinear terms and
their physical consequences through basis rotations, and also have some phenomenological eects
characteristic of their own (like, for example, two-body decay modes of the lightest neutralino).
Also, closely associated with them are bilinear L-breaking terms in the scalar sector of the theory,
which give rise to non-vanishing vacuum expectation values (vev) for sneutrinos. The feature which
is particularly appealing in the context of the neutrino puzzles is that they can be responsible for
a Majorana mass for one neutrino state at tree-level [14]. In our analysis, it is this feature whose
characteristic consequences we have sought to predict at the Tevatron Run II.
We simplify our scenario by considering bilinear R-violating terms in the second and third
generations only, parametrised by 2 and 3. Next, we perform a basis rotation [15, 16] to remove
such terms from the superpotential. This is possible through the transformation
H
′
1 = c3H1 + s3s2L2 + s3c2L3 (3)













µ′ , and µ
0 =
√
µ2 + 22 + 
2
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1H2. (We shall be always
referring to this basis but we may drop the primes in the subsequent phenomenological discussion).
This rotation will, however, not eliminate the eects of the bilinear terms; in addition to newly
produced trilinear terms in the rotated basis, they show up through the scalar potential where
non-zero sneutrino vev ’s occur in general. Such vev ’s give rise to neutrino-gaugino cross terms,
originating in sneutrino-neutrino-gaugino interactions. Designating the sneutrino vev ’s in this basis










































where the successive rows and columns correspond to ( ~H2, ~H1
′
,−i ~W3,−i ~B, ντ , νµ). M and M 0 are
the SU(2) and U(1) gaugino mass parameters respectively, µ0 is the Higgsino mass parameter in the
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second basis and v01 = hH 01i, v2 = hH2i. A possible role of the trilinear terms in this mass matrix is
discussed below.









ν3 = ντ cos θ + νµ sin θ (6)
acquires a tree-level seesaw-type mass, whereas the orthogonal combination remains massless. This
mass is responsible in this scenario for the splitting causing the atmospheric νµ decit. An approx-
imate analytical expression for the mass is
mν3  −




MM 0 −m2Z M/µ′ sin 2β
(7)
where we introduced g2 M = g2M 0 + g02M , and tan β = v2/v01. The rst term is very similar to the
usual see-saw formula, as results clearly from the comparison of the relevant Feynman diagrams
(gure 1). The only dierence is that the coupling between the light and the heavy states is in the
present case due to gauge (Zino) interactions.
The parameter v0 =
√
v2µ + v2τ acts here as a basis-independent measure of R-parity violation.
In order to account for a mass splitting m2 ’ 5  10−3 eV2 corresponding to the SK results, v0
should lie in the neighbourhood of 100 keV (say, for µ
′
being −500 GeV, tan β = 5 when the LSP
has a mass mχ˜01 ’ 100 GeV).
So long as the (2 2) block of the charged lepton mass matrix consisting of the muon and the
tau is nearly diagonal in the basis of equation (4), the condition of large angle mixing implies that
vµ ’ vτ . This condition can be related, within reasonable model assumptions, to a strong hierarchy
between 2 and 3 in the original basis [16]. The same reference also includes conditions for large
angle mixing when such a hierarchy does not exist. However, the predictions concerning near-equal
(or comparable) rates for χ01 −! µW and χ01 −! τW continue to hold if the ‘eective’ neutrino
mixing angle (the one that appears in charged currents) has to correspond to near-maximality.
In addition, of course, the hitherto massless generations are required to split further so that the
observed decit of solar νe [17] can be explained. In the model adopted by us as well as in several
other works [18], it has been postulated that the rst two generations could acquire masses at the
one-loop level. In order that these loop-induced masses are smaller than the tree-level masses, the
required trilinear R-parity violating interactions should have rather low strengths.
Thus we come to our main focus, namely, the collider signals of such a theory, as revealed
through decay channels of the lightest neutralino χ01 which is taken to be the LSP in this study. As
has been already pointed out, neutralino-neutrino (and, at the same time, charged lepton-chargino)
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mixing takes place due to the existence of bilinear R-violating terms. Consequently, the lightest
neutralino (χ01) has two-body decays [16, 19, 20, 21] of the type χ
0
1 −! lW and χ01 −! νZ where
l, ν may correspond to the mu and tau flavours. We have already shown in reference [21] that
nearly equal numbers of muons and tau’s can thus be expected out of neutralino decays in this
manner. In the following section we present a discussion on some suggested ways of observing the
actual signals, and distinguishing them from standard model as well as MSSM backgrounds.
3 Signals at a Hadronic Collider
Since the production of superparticles and their subsequent decays (till the LSP is reached) is
expected to be controlled by R-parity conserving interactions, it is sensible to assume that all
SUSY processes at the Tevatron will end up in pair-produced lightest neutralinos (χ01). If the latter
is massive enough so that its dominant decay modes are two-body ones driven by gaugino couplings,
then the cascades will lead to lepton pairs together with a pair of real W ’s in a substantial number
of cases. Even a conservative estimate predicts B(χ01 −! µW ) and B(χ01 −! τW ) on the order of
about 35% each if we hold the mixing angle at pi/4 [21]. Half of these events should contain like-
sign dileptons (LSD) together with real W ’s, by virtue of Majorana character of the neutralinos.
It is this real W + LSD signal (with correlated numbers of dimuons and ditaus but a depletion of
dielectrons) that can help us in distinguishing the theoretical framework under consideration here.
Such a signal is of particular experimental interest to the CDF detector which is decidedly sensitive
to LSD’s, and has, for example, already been used to look for R-parity violation of other types with
107 pb−1 data sample, collected at
p
s = 1.8 TeV [22].
We have assumed a scenario where there is a single gaugino mass at the scale of grand unication.
Consequently, if one has to have the lightest neutralino heavier than at least the W , the gluino
mass has to be well above 500 GeV. Such a gluino has a very small production cross-section at
the Tevatron. Therefore, the strong processes responsible for the release of LSP pairs have to be
conned to pair-production of squarks for which (in the MSSM) the lower mass limit is approaching
300 GeV [23]. Although we have retained all possible cascade channels in our calculation (including
those starting from various pairs of neutralinos and charginos), it turns out that squark pairs are





1 stand for the second lightest neutralino and the lightest chargino
1.
The signals that we are proposing get enhanced considerably if one remembers that the cascades
leading to LSP pairs also produce single-or multi-leptons simultaneously. These leptons can actually
1We have not restricted our analysis to a supergravity framework; therefore a gluino that is almost twice as heavy
as the degenerate squarks is phenomenologically quite viable.
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contribute to the signal. On the whole, LSP pairs are in general produced in nal states of the
following types:
 χ01 χ01 + X
 χ01 χ01 + l + X
 χ01 χ01 + ll + X
 χ01 χ01 + lll + X
where ‘l’ stands for charged leptons of all three flavours (l = e, µ, τ) produced with χ01-pairs. The
χ01-pair can be completely or partially the sources of dimuons and ditaus events, when one or
more charged leptons are produced through cascading. Also note that in the above listing we have
included nal states both with and without jets and have explicitly mentioned only those particles
or sparticles which can potentially lead to visible signatures in our case. One will also see missing
energy carried by neutrinos, whenever they are produced (e.g. through three-or two-body decays
of a neutralino or a chargino).







the main contributors to the nal states listed above. For a better understanding of the nature
of the cascades, let us rst note that direct decays of the squarks into the LSP will give rise to
χ01 χ
0
1 + jets nal states. In addition, similar nal states are obtained when the squarks decay into
other charginos and neutralinos (for example, χ+1 and χ
0
2) which in turn have all-hadronic decays to
the LSP. In addition, cascades leading to neutrinos but no charged leptons will also result in similar
nal states, accompanied by missing energy. Leptonic nal states, on the other hand, follow from
(i) three-body leptonic decay channels of these charginos and neutralinos, and (ii) the production
of sleptons (sneutrinos) from their two-body decays. Of course, (ii) will be possible only when the
sleptons/sneutrinos are suciently light. The ultimate number of leptons will be determined by
the exact nature of these decays, although the presence of jets is inevitable whenever it is a cascade




The sample results shown in Table 1 demonstrate that, of the dierent nal states mentioned
above, the ‘pure jet + LSP pair’ and the ‘single lepton’ nal state have the highest rates in general,
the dominant channel being determined by whether a slepton is light enough to be produced on-
shell. These rates are followed by that of the di-lepton nal state. In the latter cases, however,
our signals can receive signicant contributions because, if one of the leptons (µ or τ) pairs up
with one of identical flavour and sign coming from LSP decay, the overall rate gets suppressed only
by a single power of the LSP branching fraction rather than its square. Thus, by reconstructing
one χ01 and letting the other one decay in any allowed channel, one may get an enhancement by
6
tan β M2 mg˜ mχ01 mq˜ ml˜ σ0 σ1 σ2 σ3 σ1l σ2l σ3l
150 .201 .221 .072 .010 .050 .014 .023
300 225 .455 .115 .017 .001 .003 .002 .002
3 200 698 102 300 .454 .114 .018 .001 .004 .002 .002
150 .015 .022 .006 .001 .050 .019 .023
400 225 .089 .036 .005 .000 .003 .002 .002
300 .089 .035 .005 .000 .004 .002 .002
150 .149 .207 .112 .026 .034 .025 .083
300 225 .477 .123 .034 .002 .001 .002 .005
30 200 698 97 300 .498 .124 .015 .001 .003 .002 .002
150 .011 .021 .009 .002 .034 .033 .083
400 225 .117 .051 .015 .000 .001 .003 .006
300 .127 .052 .006 .000 .004 .003 .002
Table 1: Cross sections (in pb) for dierent nal states with dierent sets of gaugino and sfermion
masses and tan β. µ is kept xed at −250 GeV. σn (n = 0, 1, 2, 3) is the cross section for n-lepton
+ jets + χ01 χ
0
1 + missing energy (carried by neutrinos) nal states. σnl is the cross section for
the hadronically quiet n-lepton event. The numbers shown as .000 are actually insignicant up to
three decimal places.
about a factor of 6 so long as it is enough to look for just one reconstructed W in the nal state.
The most convenient mode for reconstructing the W and hence, checking the mass-shell condition
of χ01 seems to be χ
0
1 −! lW followed by W −! jj, (l = µ, τ), since all the decay products are
visible here. It may be noted in addition that in cases where the LSP decays via χ01 −! νZ and Z
goes into a pair of charged fermions, the two-body decays so typical of our model become clearly
observable, although full reconstruction of the LSP is not possible. In the rest of our discussions,
we shall focus only on the lW mode of the LSP.
The standard model backgrounds to this kind of a nal state (W + LSD) are in any case highly
suppressed. They can be completely eliminated if we remember that the neutralino decay length
in our case can be as large as between 0.1 mm and 1 cm [12, 21] when the decaying neutralino is of
mass around 100 GeV or above. This is because the R-parity violating coupling leading to decays
of the LSP is dictated by the basis-independent parameter v0 which also governs the neutrino mass
acquired at tree-level. The resultant displaced vertex{ to which the W needs to be reconstructed{
will conclusively distinguish our signals.
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In addition, there are possibilities of MSSM signals faking ours. Here again, most of the cascades
that could be responsible for the same nal states are suppressed at some stage or other. However,
there are processes like pp −! ~b~b followed by decays of the b-squarks to a top, where both W ’s
and like-sign dileptons can be observed. However, the decay gap typical of our R-parity violating
scenario can cause the latter to stand out as discussed in the previous paragraph.
However, it must be borne in mind that R-parity can be violated by other mechanisms as well.
For example, the trilinear terms in equation (2) can be responsible for neutralino decays. In such
cases, LSP’s produced via the decay χ+1 −! χ01W , followed by three-body leptonic decay of each
LSP, can in principle give rise to LSD + W , where a similar decay gap as above can occur if the
trilinear R-violating couplings are appropriately small. In order to avoid faking by signals of this
kind, one could in principle test whether one lepton in the LSD pair and the W originate from the
same displaced vertex; however, if a precise reconstruction of the position of the W vertex were
dicult to obtain, one could still rely on the neutralino mass shell condition for the lW -pair to
suppress the background.
Thus the nally suggested signals are of the form
like-sign dimuons/ditaus + displaced vertex + a real W paired with one µ/τ. (8)
The condition of having one displaced vertex forces us to leave out those events where both leptons
have their origins in cascades rather than in χ01 decays
2. However, as we shall see in the following
section, we can still expect to have rather substantial event rates over a large region of the parameter
space.
It is worth noting that since our predicted signals require the identication of a real W emerging
from χ01-decay, we can in principle completely reconstruct the decaying neutralinos, too. A peak
should thus be expected in the invariant mass distribution of the W and one of the leptons emerging
from the same vertex; the width of this peak, however, will be determined by the eciencies
of reconstruction of the momenta of these particles, and not by the tiny intrinsic width of the
neutralino.
4 Numerical Results
In gures 2-4 we show some plots of the predicted number of signal events (of both like-sign
dimuons and ditaus) expected at the Tevatron Run II (
p
s = 2 TeV), once the above set of criteria
are specied. The event rate calculations assume an integrated luminosity of 10 fb−1. The Higgsino
mass parameter is taken to be −250 GeV in all the cases. No drastic eect in the nature of these
2This kind of an event is totally free from any suppression from the LSP decay branching fraction.
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curves are observed due to variations in µ. Also, the branching ratios of mu-and tau-production in
two-body decays of the LSP are conservatively assumed to be 35% each for illustration [21]. We have
assumed the low-energy slepton masses to be determined by a ‘common slepton mass’ parameter
(ml˜), over and above which they are aected by the electroweak symmetry breaking D-terms.
Moreover, physical masses are nally the result of left-right mixing which has appreciable eect on
only the stau sector, especially for large tan β. This can cause one stau state to be considerably
lighter. Three values of the common slepton mass and tan β are used in each gure. Each curve is
truncated at the point where the lightest neutralino ceases to be lighter than all the sleptons. This
is because the present analysis is applicable to a neutralino LSP, although there may be interesting
consequences when it is not so. Since the event specication eliminates all backgrounds, specic
cuts are not applied here; however, one has to take into account the identication eciencies of
muons, taus and the W . Also, one may have to ultimately subject the events to isolation and
pT cuts on the leptons. The graphs are expected to convey some idea about how ecient the
identication processes have to be in order to retain sucient numbers of signal events. It should
be mentioned here that we have considered only ve degenerate flavours for squarks (modulo the
mixing of the chiral sbottoms) following the usual approach adopted by Tevatron experiments.
Taking into account the stop squark, if anything, leads to enhanced signal rates. In view of this,
our estimates turn out to be rather conservative.
On the whole, the gures indicate that rather copious numbers of uncut signal events, unlikely
to be faked by backgrounds, are expected over a large part of the parameter space. The number
of events fall with a rise in the squark masses, since, as we have already mentioned, squark pairs
form the main source of cascades here. Apart from that, the general features of the events remain
unaltered so long as other MSSM parameters like µ and tan β are the same. This is evident from
a comparison of the upper panels and the lower panels of gures 2, 3 and 4.
For slepton masses of 150 GeV, leptonic nal states can be observed via decays of on-shell
sleptons produced in the preceding decays of neutralinos or charginos in the cascades. This may
contribute signicantly to signals of our interest. For low tan β, like sign dimuon and like sign
ditau events go almost hand in hand because of the near degeneracy of the smuon and stau mass
eigenvalues and this feature is preserved during the expected fall in event rates with increasing LSP
mass. As tan β increases the mixing in the stau sector makes one of the stau mass eigenstates much
lighter than the other sleptons. This results in larger event rates with ditaus and a consequent
splitting between the dimuon and ditau curves as can be seen on going through the upper (lower)
panels of gures 2, 3 and 4 in this order. The minimum value of stau mass we encountered in our
present analysis is slightly greater than 100 GeV for ml˜ = 150 GeV and tan β = 30. This is well
above the present LEP bound on stau mass [25].
It should be noted here that cascade channels involving on-shell selectrons aect the dimuon
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and ditau events identically. It is, on the other hand, a large splitting between the smuon and stau
masses that causes them to dier whenever tan β is large and on-shell sleptons are important.
Also, µτ -events with similar kinematic characteristics as our already described signals are ex-
pected in this scenario. The µτ -type LSD event plots should correspond approximately to the sum
of the dimuon and ditau curves for each combination of parameters.
With the slepton masses on the higher side (225 GeV and 300 GeV), the event rates are mostly
controlled by the all-jet channel for relatively low masses of the lightest neutralino. In these regions,
the numbers of muonic and tau events are very close together, and, particularly for small tan β,
are relatively insensitive to small variations in the slepton masses. However, soon mχ01 becomes
large enough so that, thanks to the gaugino mass unication relationship, mχ02 gets larger than
the smuon and stau masses. Thus two-body decays of χ02 and χ
+
1 in the cascade (produced from
squark decays) become possible, whereby rates for the single-and dilepton + χ01 − pair events get
enhanced. This causes both the muonic and tau-events to go up comparably for lower values of
tan β for which there is no substantial mass-splitting between the smuon and stau mass eigenstates.
As has been already explained, for larger values of tan β, we notice a considerable rise in the
leptonic channels and consequently in the overall event rates as soon as the production of staus in
two-body decays of χ02 and χ
+
1 become kinematically possible. The gures show this eect to be
rather dramatic for tan β = 10 or 30 as far as the tau events are concerned. For the mu-events,
we notice a relatively minor rise of this type when the two-body smuon channel opens up, beyond
a certain value of χ01 (and hence χ
0
2) mass.
The rise in the events rates due to the above eects is oset by the fall in the rate of χ02 and χ
+
1
production when the masses of the latter (and therefore that of χ01) go on increasing. That is why
the curves showing the tau-rates as shooting up also show a fall following a peaking behaviour.
However, for a slepton mass of 300 GeV these features are not clear from the graphs. The
relevant cross sections surely get diminished due to heavier sleptons and LSPs in the processes
leading to a smaller number of events. These, when plotted with the curves for lower slepton
masses, fail to attain the required resolution due to obvious reasons.
5 Conclusions
We have observed that decays of the lightest neutralino can have quite distinctive signatures in a
bilinear R-parity violating scenario that aspires to explain the SuperKamiokande data on atmo-
spheric neutrinos. The signals can be seen in terms of nal states comprising like-sign dimuons
and ditaus, together with a real W . They also exhibit measurable decay gaps of the order of mm’s
or above, which sets them clearly apart from any backgrounds due to standard model or MSSM
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eects. In addition, the requirement that one of the leptons emanate from the displaced vertex
together with the W makes it impossible for them to be faked by the signatures of trilinear R-
parity breaking terms. While the numbers of dimuons and ditaus are expected to be comparable
(modulo the dierent eciency factors) for low values of tan β, for large tan β a considerably larger
number of ditaus can be expected. Provided that real W ’s are reconstructed with a reasonable
eciency, this kind of SUSY explanation of the atmospheric νµ decit has therefore a clear chance
of verication at the upgraded Tevatron.
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Figure 1: Origin of neutrino masses in two models: left, by the mixing with the heavy Majorana



























































































Figure 2: The predicted numbers of like-sign dimuon and ditau events (indicated by the labels µ
and τ on the respective curves) with a real W and a displaced vertex, as a function of mass of
the lightest neutralino (LSP) at the upgraded Tevatron with an integrated luminosity of 10 fb−1.
All indicated masses are in GeV. Three values of the slepton mass parameter ml˜ have been used.
The squark mass paramter mq˜ is 300 GeV in the upper panel, 400 GeV in the lower one. Other



















































































































































































Figure 4: Same as in gure 1, but with tan β = 30.
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